Abstract. We explore several issues relevant to assessments of solar and infrared radiative effects due to mineral aerosols. One issue is the importance of the vertical distribution of dust for calculations of dust radiative heating rates. Another issue is the role that clouds may play in augmenting the radiative forcing by dust. We also explore the importance of the composition of mineral aerosols by employing spectral optical properties for dust that comes from two different regions of the globe, the Saharan and Afghan deserts. A combined longwave and shortwave radiative transfer model was used to determine the instantaneous radiative forcing in the atmosphere, radiative fluxes at the surface, and radiative heating rates by airborne mineral aerosols for clear-sky and cloudy atmospheric conditions. Extensive calculations with our model show that increasing dust loading results in increasing both solar heating rates and infrared cooling rates. However, the net instantaneous rates during the day are always positive, yielding net radiative heating of the dust layer. With similar atmospheric conditions and dust loading, Saharan dust causes larger heating rates than Afghan dust. The magnitudes of the Saharan dust heating rates can easily be 25% larger than Afghan dust heating rates at high Sun angles and over bright surfaces. Also, Saharan dust yields more positive values of TOA (top of the atmosphere) radiative forcing than Afghan dust; and for a diurnal average, this can lead to a change of sign of the TOA radiative forcing from negative to positive just due to mineralogical composition. Clouds significantly influence the direct radiative impact of dust depending on cloud altitude and optical depth. Moreover, this influence is strongly dependent on Sun position and surface albedo.
Introduction
Recent studies have pointed out that there are large uncertainties in the assessments of radiative impact by mineral dust on regional and global scales [Sokolik and Toon, 1996; Tegen et al., 1996] . Here we address an issue that has not previously been examined in detail: the importance of a variable dust vertical distribution in cloud-free and in overcast atmospheres to evaluations of the radiative heating rates by mineral aerosols. In addition, we investigate the role that clouds may play in augmenting the radiative forcing by dust at the top of the atmosphere and at the surface.
Much attention has been recently paid to quantifying the radiative forcing by aerosol. However, the radiative heating/cooling by dust must be taken into account to predict adequately the overall impact of aerosol on weather and climate because heating/cooling by dust alters atmospheric dynamics and thermodynamics. For instance, the presence of dust may cause a stabilizing effect on the temperature lapse rate. Karyampudi and Carlson [1988] showed that radiative heating by Saharan dust contributes to maintaining a war. mer and deeper Saharan air layer (SAL) over the ocean, to enhancing the strength of the midlevel easterly jet, and to reducing the convection within the equatorial zone. On the mesoscale, dust radiative heating rates can affect the evolution of a dust storm leading to stronger surface frontogenesis [Chen et al., 1994] . Consequently, knowledge of radiative heating rates by mineral aerosols may be decisive to better predictions of the dynamics associated with dust transport. Unfortunately, direct The interaction of dust, clouds, and radiation is another focus of this study since the interleaving of cloudy and dusty air masses is a common situation. Often, satellites cannot detect clouds when they are located beneath or between dust layers. Liao and Seinfeld [1998] have done a study on the effect of thick clouds on direct aerosol forcing. They examined, using a one-dimensional radiative transfer model, the sensitivity of dust radiative forcing to its physical and optical properties, the vertical distribution of dust in the atmosphere, surface albedo, and to the presence or absence of clouds. However, their study does not address the radiative heating rates by dust. We perform a similar investigation except focusing more on heating/cooling rates. In our study we do not use partial derivatives to investigate the radiative forcing sensitivities. Such an approach assumes that the forcing depends linearly on the parameters considered. Because of some large nonlinear dependencies with Sun position (as will be shown in this study), we deal exclusively with the absolute values of radiative effects.
In this paper we also discuss the importance of the composition of airborne mineral aerosols for the assessment of their radiative effects at both solar and infrared wavelengths. The predominant available work on airborne mineral aerosols takes into account the size distribution of the particles but not their varying refractive indices [e.g., Tegen and Fung, 1994] . Recent studies by Sokolik and Toon [1999] demonstrated that dust composition is so fundamental that it must be included in the assessment of the radiative forcing by mineral dust. A first attempt to characterize the mineralogical composition of dust sources on the global scale is done in a new paper by Claquin et al. [1999b] . Because available data are extremely limited, it still remains a complex problem to incorporate the composition into optical models of dust which originates from various sources. Therefore to evaluate the importance of the composition in the calculations of the radiative heating rates, we consider two different models of dust spectral optical properties referred to as Saharan dust and Afghan dust [Sokolik et al., 1998 ].
The paper is organized as follows: first, we describe dust and cloud scenarios and optical properties used in the radiative transfer model (sections 2 and 3). In section 4 we discuss the impact of mineral dust on heating rates in the absence and presence of clouds. Next, we analyze TOA radiative forcing and downwelling radiative fluxes at the surface for the same dust and cloud scenarios. Finally, we come to the conclusions.
Description of Dust and Cloud Scenarios
The sensitivity of dust net heating rates and radiative forcing to the absence or presence of clouds is investigated with a single- Although we are not aware of any statistics of cloud-free and cloudy conditions when a dust plume is present, we can select Net radiative heating rates increase with dust loading, as Figure 5 shows for Saharan dust. This sensitivity to the amount of dust has a strong dependence on solar zenith angle and a much weaker dependence on surface albedo, especially at low Sun angles. Moreover, the increase in heating as we increase dust optical depth is linear, as a first approximation, only at high Sun angles. Figure 6 shows heating rates as a function of three different dust vertical distributions represented in Figure 1 . Solar radiative heating rates (dT/dt) are directly proportional to the amount of sunlight absorbed by the layer ( VFsola0 and inversely proportional to the atmospheric pressure change (dP) in going from height z to height z + dz. When a dust layer is uplifted, dP decreases rapidly while VFsola r remains almost constant. Therefore the solar heating rate increases (Figure 6a ). However, infrared heating rates remain almost constant (Figure 6b ). The constant infrared cooling is due to a balance between two factors: as the altitude increases, dP decreases rapidly. On the other hand, temperature in the troposphere decreases with altitude and so does the infrared emissivity; therefore cooling in the infrared by uplifted mineral aerosols is less efficient, and the absolute value of VFm decreases. Hence the increase in net heating rates as dust This increase or decrease of net heating rates by mineral aerosols depending on cloud optical thickness does not happen at low Sun angles for overlying clouds (Figure 9) . Then, the presence of a cloud layer over dust causes a decrease of solar heating rates and infrared cooling rates such that the net heating rates by mineral Heating rates due to mineral aerosols over strongly reflective surfaces increase relative to heating rates over dark surfaces since more solar flux is reflected from the ground (see Figure 7a ). Overall, our calculations of radiative heating rates demonstrate that the differences in magnitude due to dust composition are very important. Also, the variations in magnitude of net heating rates as dust optical depth increases have a strong dependence on solar zenith angle. The profiles of solar and infrared heating rates are significantly altered by changing the dust vertical distribution since the maximum of solar and infrared cooling occurs always in the upper dust layers. In addition, a marine stratus cloud has large effects on the magnitudes of dust heating rates depending on its altitude, its optical depth, and the Sun position. Figure 13 illustrates the differences in TOA radiative forcing calculated by two approaches. According to Liao and Seinfeld's definition (equation (7)), TOA forcing in the presence of a thick cloud is positive for all surfaces since dust is always going to add a warming effect to a cloudy atmosphere. In contrast, according to our definition (equation (5)) the presence of a cloud over the oceans increases the overall negative radiative forcing relative to radiative forcing of dust in cloud-free conditions (Figure 13a ). This increase of negative radiative forcing happens regardless of the vertical distribution of cloud and dust and is due to the increased solar loss by absorption and scattering of the cloud. Ovsr bright surfaces and at high Sun angles, the sign of the radiative forcing changes from positive to negative as the cloud optical depth increases (Figure 13b) . The solar part of the spectrum usually plays a very important role in the value of the net radiative forcing. However, when Saharan dust is located above an optically thin or thick cloud and has a 'r(0.5 gm) >1.8, the TOA net radiative forcing remains positive at high Sun angles over bright surfaces (Figure 1 l c) , and the infrared radiative forcing gives the major contribution to the net result. , 1987] . Although the size distribution of dust from these observations may be different than the one we use for our study (ro = 0.5 gm), we may still have the same change of sign of the TOA radiative forcing when dust is over a thick cloud and has a large optical depth. This is because dust absorption and forward scattering at solar wavelengths increases with particle size, and the positive longwave forcing due to dust becomes more important for large particles [Claquin et al., 1999a ]. As Figure 14a shows, the difference in radiative forcing due to Saharan and Afghan dust is greater when the cloud is under the dust layer than when the cloud is over it. A lower cloud is able to heat the dust layers by reflecting sunlight. Therefore more photons are available to be transmitted, scattered, and absorbed by dust, and differences between the two optical models are greater. A similar effect occurs if the surface albedo is high and we have only dust in the atmosphere. Then, the ground will reflect more solar radiation, heat the dust, and the differences between Saharan and Afghan mineral aerosols will increase as well. On the other hand, a cloud over the dust layer diminishes the differences in radiative forcing due to a different composition of mineral aerosols because it both attenuates solar radiation before it impinges on the aerosol layers and masks the dust infrared emission from beneath. Surprisingly, Figure 14b shows that a cloud between the dust layers increases the difference between the Saharan and Afghan dust radiative forcing relative to a cloud-free case at high Sun angles. When the Sun is low on the horizon, the slant optical depth at the upper layers of dust is great enough to mask the cloud influence.
Radiative Forcing of Dust in the Absence and
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According to Liao and Seinfeld [1998] , in the absence of clouds, TOA and surface shortwave forcing is not very sensitive to the altitude of the dust layer. However, in the presence of a cloud layer TOA warming is strongest when the dust layer lies above the cloud and surface cooling is strongest when the dust layer lies below the cloud. We find that this dependence on the vertical location of cloud becomes more important as dust loading increases. In the absence of clouds, there is a maximum TOA warming difference of 3, 4, and 6 W/m 2 between "clear below" and "clear above" for a total dust optical depth at 0.5 gm of 0.5, 1, and 2, respectively. However, in the presence of a thick cloud and for the same cases of dust loading, this TOA maximum warming difference between "cloud below" and "cloud above" would be 85, 140, and 212 W/m 2. Downwelling fluxes at the surface are also sensitive to the vertical distribution of dust in the presence of clouds. However, this dependence on dust altitude does not change significantly as dust loading increases. The n'aximum cooling difference in the presence of clouds between "cloud below" and "cloud above" would be 50, 59, and 57 W/m 2 for a total dust optical depth at 0.5 gm of 0.5, 1, and 2, respectively.
Further analyzing downwelling fluxes at the surface we note In summary, dust in a cloud-free atmosphere causes a positive TOA (top of the atmosphere) radiative forcing over bright surfaces at high Sun angles. Conversely, mineral aerosols cause a negative radiative forcing over bright surfaces at low Sun angles and over dark surfaces. For a diurnal average, only Saharan dust over land (As = 0.2) has a positive net radiative forcing. In the presence of clouds TeA radiative forcing changes from positive to negative as the cloud optical depth increases. The difference in radiative forcing by dust from different regions is greater when the cloud is under the dust layer than when the cloud is over it. The dependence of radiative forcing on cloud altitude becomes more important as the dust loading increases. The presence of a cloud usually decreases surface fluxes relative to "only dust" conditions. A thin cloud at low Sun angles is an exception, causing a slight increase in the surface fluxes.
Conclusions
The goal of this paper was to analyze the importance of dust composition and vertical distribution with and without clouds in the computations of the dust radiative impact at solar and infrared wavelengths. To do this, we calculated the instantaneous and diurnal mean radiative forcing at TeA, radiative fluxes at the surface, as well as radiative heating rates by the airborne mineral aerosols for clear-sky and for cloudy atmospheric conditions.
Extensive calculations with our model show that increasing dust loading results in increasing both solar heating rates and infrared cooling rates. However, the net rates are always positive, yielding net radiative heating of the dust layer. With similar atmospheric conditions and dust loading, Saharan dust causes larger heating rates than Afghan dust. In addition, Saharan dust yields more positive and less negative values of TeA radiative forcing than Afghan dust, and for a diurnal average, this can lead to a change of sign of the TeA radiative forcing from negative to positive just due to mineralogical composition. Clouds influence the direct radiative impact of dust, increasing or decreasing it several orders of magnitude depending on their altitude and optical depth. Moreover, this influence is strongly dependent on Sun position and surface albedo.
Although diurnal averages are an often-used tool as a summary of the mean daily effect of atmospheric aerosols, they can miss essential details of how the dust affects the atmosphereunderlying surface system. In particular, heating rates due to mineral aerosols experience large variations as dust travels from its source to other regions. Because of this, to perform a diurnal average of heating rates in the presence of dust layers can miss the development of some atmospheric dynamics whose effects can be enhanced or reduced by the radiative impact of dust depending on the time of the day. TeA radiative forcing could change sign during the day due to variations of dust loading and vertical distribution in the presence and absence of clouds.
Diurnal averages would miss this variability. Therefore it is
useful to look at instantaneous radiative effects of mineral aerosols. Averages of radiative effects should be shorter than a day to correctly represent the significant changes in sign and magnitude of the heating and forcing. This also means that more observations from the petXinent aerosol regimes are needed to derive realistic models of the presence of clouds below, within, and over the dust layers as they are transported by the atmospheric circulation.
